This study compared the effects of sodium selenite and selenium yeast and their combination on laying performance, egg quality, antioxidant capacity, and selenium (Se) contents in tissues and eggs. Two-hundred-eighty-eight Jing Hong layers that were similar in laying rate (87.5 ± 0.38%) and body weight (1.70 ± 0.02 kg) were randomly distributed into 4 treatments for 11 wk (from 203 d old to 279 d old) with 9 replicates of 8 hens per replicate. The diets (cornsoybean meal diet) were supplemented with 0 [blank control (BC)], 0.3 mg/kg Se from sodium selenite (SS), 0.15 mg/kg Se from sodium selenite and 0.15 mg/kg Se from Se yeast (SS+SY), or 0.3 mg/kg Se from Se yeast (SY). Results showed that the laying rate of the SS+SY group increased significantly (P < 0.05) compared to the BC and SY groups. There were no differences (P > 0.05) in egg quality between the Se-supplemented diets and the BC diet. The serum glutathione peroxidase (GSH-Px) activity was increased (P < 0.01) in hens fed Se-supplemented diets compared to the BC diet. The liver superoxide dismutase (SOD) activity of the SY group was increased significantly (P < 0.05) compared to the BC group. Significant increase (P < 0.01) due to SY supplementation was noted in the serum vitamin E content compared to BC and SS. Layers fed Se-supplemented diets had higher (P < 0.01) contents of Se in the serum, liver, and kidney compared to the BC diet. Compared to BC, Se content in eggs was significantly increased (P < 0.05) by feeding supplementary Se. In conclusion, the effects of SS and Se yeast were approximately equal in promoting antioxidant capacity of laying hens, while Se yeast is easier to deposit into eggs and tissues. The diet with added equal amounts of the 2 sources of Se was more cost effective and affordable than a comparable amount of Se yeast to obtain the promising production performance and nearly similar Se deposition.
INTRODUCTION
Selenium (Se) is one of the essential microelements performing important biological functions in many organisms. Se is an integral part of the enzyme glutathione peroxidase (GSH-Px), which serves as an antioxidant enzyme that helps to control levels of hydrogen peroxide and lipid peroxides that are produced during normal metabolic activity (Rotruck et al., 1973) . Se supplementation is important to ensure the health of animals and humans and to protect the environment (Attia et al., 2010; Zarczynska et al., 2013) . Many data on the ability of Se suggest that adding Se may be beneficial for enhancing immune function and antioxidant response (Cai et al., 2012; Lee et al., 2014) . Reduction of incidence and mortality in cardiovascular diseases and cancers is mainly affected by the increased C 2017 Poultry Science Association Inc. Received September 27, 2016. Accepted August 8, 2017. 1 These authors contributed equally to this study 2 Corresponding author: maqiugang@cau.edu.cn serum Se concentration (Salonen et al., 1982; Salonen et al., 1984) .
Generally speaking, there are two major Se sources for poultry, namely, inorganic Se (mainly sodium selenite, Na 2 SeO 3 ) and organic Se (mainly as Se-Yeast or Se-Met preparations (Surai and Fisinin, 2014) ). Historically, sodium selenite has been used as a supplement in poultry diets to improve poultry growth and health (Latshaw, 1973; Hassan et al., 1988) . Although studies indicated some helpful conclusions, its application is limited by its acute toxicity, accelerated oxidization, and low bioavailability (Wang et al., 1996; Mahan et al., 1999; Suchy et al., 2014) . Some researchers have determined optimum supplemental levels and effective forms of Se in poultry feed Peric et al., 2009; Oliveira et al., 2014; Jing et al., 2015) . Compared with inorganic Se, organic Se is preferably absorbed and utilized by the body Leeson et al., 2008; Attia et al., 2010; Delezie et al., 2014) . Se yeast has been proven to be a superior organic product compared to sodium selenite (Utterback et al., 2005) . However, the higher supplemental cost in diet is a 3973 limiting factor for application of Se yeast. The assimilation of inorganic and organic Se needs GSH and carrier to transport, respectively (Gammelgaard et al., 2012) . Although many studies have shown that organic Se is more conducive to be assimilated than inorganic Se, the joint application of 2 sources of Se might obtain higher absorption efficiency and production performance because of the relief of the absorption of competition.
In order to provide theoretical bases for the application of Se in laying hens and develop more cost-effective ways of Se supplementation, this study compares the effects of inorganic and organic Se and their combination on laying performance, egg quality, antioxidant capacity, and Se contents in tissues and eggs.
MATERIALS AND METHODS

Experiment Materials and Birds
The protocol was reviewed and approved by the Animal Care and Use Committee of China Agricultural University. All procedures were carried out in strict accordance with the recommendations in the Guide for Guidelines for Experimental Animals of the Ministry of Science and Technology (Beijing, China), and all efforts were made to minimize suffering.
Two sources of Se were sodium selenite and Se yeast named Alkosel (inactivated whole cell yeast containing elevated levels of organic Se, from Lallemand Inc. Montreal, Quebec, Canada). Layers were reared in a closed, mechanically ventilated henhouse and ladder stainless steel cages, 2 birds per cage. The cage size was 45 cm × 45 cm × 45 cm. Birds were maintained on a 16-hour light schedule and allowed ad libitum access to experimental diets and water. Room temperature was maintained at 25 ± 2
• C. Disinfection and vaccination procedures were done according to a layers' feeding management manual (Yukou Poultry, Beijing, China).
Experiment Design and Diets
Two-hundred-eighty-eight Jing Hong layers that were similar in laying rate (87.5 ± 0.38%) and body weight (1.70 ± 0.02 kg) were randomly distributed into 4 treatments for 11 wk (from 203 d old to 279 d old) with 9 replicates of 8 hens per replicate. The diets (cornsoybean meal diet, 
Assay Indexes and Methods
Performance The number of normal eggs, soft shelled or cracked eggs, and the weight of eggs were recorded according to replicate at 4:00 p.m. every d, and dead or sick birds were recorded daily, so that laying rate, average egg weight, daily egg mass, soft broken egg rate, and mortality could be calculated. Feed intake was recorded according to replicate, and ratio of feed to egg was calculated every 2 weeks.
Egg Quality Three representative eggs per replicate were selected at 7 d, 42 d, and 77 d of the experimental period, respectively, for determination of egg quality. Eggshell thickness (average of 3 locations around the eggshell) was determined by the Egg Shell Thickness Gauge (ultrasound method); eggshell strength was measured by the Egg Force Reader; and yolk color and Haugh unit were assayed by the Egg Analyzer. All of the equipment was from Orka Food Technology Co., Ltd (Ramat HaSharon, Israel) .
Se Contents Three representative eggs per replicate were selected at 7 d, 42 d, and 77 d of the experimental period, respectively, and egg white, egg yolk, and eggshell were separated for Se content assay. Egg white and egg yolk were freeze-dried for 72 h in an LGJ-18S freeze drying machine (Songyuan Huaxing Technology Co., Ltd, Beijing, China), and eggshell was washed by water and dried to a constant weight in an oven and smashed by an FW100 high speed grinder (Taisite Instrument Co., Ltd, Tianjin, China). Se deposition efficiency in whole eggs = daily Se deposition per egg/daily Se intake. Blood samples were collected via a wing vein from one hen with average body weight in each replicate at 8:30 a.m. at 77 days. Serum samples were obtained by centrifuging blood samples at 3,000 r/min for 15 min at 4
• C and stored in −20
• C for further analyses. The samples of liver, spleen, kidney, and heart were collected from one hen per replicate at 77 d and stored in −20
• C for further analyses. The Se content was measured by a fluorescence spectrophotometer (Hitachi 850, Hitachi Ltd., Tokyo, Japan) according to the method of Liao et al. (2012) .
Antioxidant Indices Lipid peroxidation was assessed on the basis of malondialdehyde (MDA) content, and antioxidant enzyme levels were estimated by measuring superoxide dismutase (SOD) and GSH-Px activities. The SOD and GSH-Px activities, MDA content, and vitamin E (VE) content were determined by assay kits produced by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Data Analyses
Data were analyzed by one-way analyses of variance (ANOVA) using the Proc GLM procedure of the PASW Statistics for Windows, version 18.0 (PASW Statistics18, 2009, SPSS Inc., Chicago, IL), and the statistical model is Y ij = μ + α i + ε ij (i = 1, 2, 3, 4; j = 1, . . . , 36), where Y ij is the observation ij, μ is the overall mean, α i is the effect of dietary Se treatment, and ε ij is the random error and the variance between measures within hens. The replicate served as the experimental unit. Difference among means was tested by the Student-Newman-Keuls (SNK) method. The data of soft broken egg rate and mortality of hens were transformed to arcsine values before statistical analysis. The significance level is P ≤ 0.05. Regressions were calculated using GraphPad Prism 5.02 (Graph Pad Software Inc., San Diego, CA).
RESULTS
Laying Performance
Laying performance of hens is presented in Table 3 . In group SS+SY, laying rate was significantly higher (P < 0.05) than in BC and SY groups, and no difference (P > 0.05) was observed in laying rate among BC, SS, or SY groups. No differences (P > 0.05) in other indices of laying performance were found between treatments. 1 Each value represents the mean of 9 replicates (n = 9); BC = the diet supplemented with 0 mg/kg Se from sodium selenite, SS = the diet supplemented with 0.3 mg/kg Se from sodium selenite, SS+SY = the diet supplemented with 0.15 mg/kg Se from sodium selenite and 0.15 mg/kg Se from selenium yeast, and SY = the diet supplemented with 0.3 mg/kg Se from selenium yeast.
a,b Means within a row with no common superscripts differ significantly (P < 0.05).
Egg Quality
There were no significant differences (P > 0.05) among treatments regarding egg quality indices in 3 stages (Table 4) .
Antioxidant Status
The results of antioxidant status and VE content in the serum and liver are given in Table 5 . The serum GSH-Px activities and VE contents of Se supplement groups and 2 treatments with added SY were higher (P < 0.01) than the BC group and the BC and SS groups, respectively. The liver SOD activity of group SY was increased significantly (P < 0.05) compared to the BC group; however, no difference was observed among BC, SS, or SS+SY groups. There were no significant (P > 0.05) differences among treatments regarding the MDA contents of the serum or liver.
Se Contents in Serum and Organs
The serum, liver, and kidney Se contents of treatments with added Se were higher (P < 0.01) than the BC diet (Table 6 ). The Se contents in the serum and liver with added SS only were significantly lower (P < 0.01) than the treatments with SS+SY and SY, and there was no significant difference (P > 0.05) between SS+SY and SY. No differences (P > 0.05) in Se contents of the spleen and heart were found between the Se-supplemented diets and BC diet.
Se Contents in Yolk, Albumen, and Eggshell
Egg yolks and albumen from hens fed the Se diets had higher (P < 0.01) Se contents than those from hens fed the BC diet at 7 d, 42 d, and 77 d of the experimental period ( Figure 1A , B, C). There were no differences (P > 0.05) in yolk Se contents between SS+SY and SY at 7 d or 42 d of the experimental period; however, the SY group had higher (P < 0.01) yolk Se content than 1 Each value represents the mean of 9 replicates (n = 9); BC = the diet supplemented with 0 mg/kg Se from sodium selenite, SS = the diet supplemented with 0.3 mg/kg Se from sodium selenite, SS+SY = the diet supplemented with 0.15 mg/kg Se from sodium selenite and 0.15 mg/kg Se from selenium yeast, and SY = the diet supplemented with 0.3 mg/kg Se from selenium yeast. 1 Each value represents the mean of 9 replicates (n = 9): BC = the diet supplemented with 0 mg/kg Se from sodium selenite, SS = the diet supplemented with 0.3 mg/kg Se from sodium selenite, SS+SY = the diet supplemented with 0.15 mg/kg Se from sodium selenite and 0.15 mg/kg Se from selenium yeast, and SY = the diet supplemented with 0.3 mg/kg Se from selenium yeast.
a,b Means within a row with no common superscripts differ significantly (P < 0.05). A,B Means within a row with no common superscripts differ highly significantly (P < 0.01). 1 Each value represents the mean of 9 replicates (n = 9); BC = the diet supplemented with 0 mg/kg Se from sodium selenite, SS = the diet supplemented with 0.3 mg/kg Se from sodium selenite, SS+SY = the diet supplemented with 0.15 mg/kg Se from sodium selenite and 0.15 mg/kg Se from selenium yeast, and SY = the diet supplemented with 0.3 mg/kg Se from selenium yeast.
A-C Means within a row with no common superscripts differ highly significantly (P < 0.01).
BC, SS, and SS+SY groups at 77 d of the experimental period. The albumen Se content of the SY group was the highest (P < 0.01) compared to the other 3 groups at 7 d, 42 d, and 77 d of the experimental period. The Se contents in eggshell of treatments with added Se were higher (P < 0.01) than the BC diet at 7 d and 77 d of the experimental period ( Figure 1A, B, C) . The yolk Se content of the BC group was decreased from 7 d to 42 d, and had almost no change from 42 d to 77 days. Yolk Se content of the SS group was almost unchanged from 7 d to 77 d; however, yolk Se contents of SS+SY and SY groups were increased over the experimental time ( Figure 1A) . The albumen Se contents of BC and SS groups were decreased; however, the albumen Se contents of treatments with added SY were increased over the experimental time ( Figure 1B) . The eggshell Se contents of all 4 groups were increased, and the SY group had a higher magnitude of the increase ( Figure 1C) .
The yolk Se deposition of BC, SS, and SS+SY groups was higher (P < 0.05) than the albumen Se deposition of the corresponding groups at 7 d, 42 d, and 77 d of the experimental period (Figure 2A , B, C). However, there was no difference (P > 0.05) between the yolk and albumen Se deposition of the SY group over the experimental period. Compared to Se deposition in the other 2 parts, the eggshell Se deposition in each treatment was always the lowest (P < 0.05).
Se deposition efficiency of BC was the highest (P < 0.01) and remained at 61.5% at 77 d (Table 7) . No difference (P > 0.05) was found in Se deposition efficiency at 7 d among SS, SS+SY, and SY groups. However, the treatments with added SY had higher (P < 0.01) Se deposition efficiency than SS group, and the Se deposition efficiency of the SY group was higher (P < 0.01) than the SS+SY group at 42 d and 77 d of the experimental period. 1 Each value represents the mean of 9 replicates (n = 9); BC = the diet supplemented with 0 mg/kg Se from sodium selenite, SS = the diet supplemented with 0.3 mg/kg Se from sodium selenite, SS+SY = the diet supplemented with 0.15 mg/kg Se from sodium selenite and 0.15 mg/kg Se from selenium yeast, and SY = the diet supplemented with 0.3 mg/kg Se from selenium yeast.
A-D Means within a row with no common superscripts differ highly significantly (P < 0.01). Skrivan et al. (2006) reported that supplementation with 0.3 mg/kg Se from Se yeast increased egg weight significantly. Further, a linear increase in feed intake, body weight, egg production, and improvement in feed efficiency was found in Se-supplemented (SS and SeMet) quail reared under heat stress conditions (Sahin et al., 2008) . In our study, laying performance of hens fed a diet added with different sources or levels of Se for 11 wk (consecutive) was not significantly different from the BC diet, with exception of the laying rate. It was consistent with the results obtained in previous reports (Gravena et al., 2011; Invernizzi et al., 2013) . The different effects of Se on performance might relate to animal species, feedstuff, environment, Se level, and sources etc. The condition of production is different from the condition of the experiment where the temperature, humidity, and environmental pathogens are strictly controlled. That is to say, there is less of a stress factor in the experimental condition. In our study, the daily Se intake per hen of the BC group is 0.007 mg, which could meet the requirement (0.006 mg per hen per d) of egg production of brown-egg layers under controlled conditions (NRC, 1994) . However, the requirement of Se in farm condition would be higher because of the greater stress factor.
DISCUSSION
As shown in the results of this study, the combined supplementation of SS and SY proved to be successful in improving laying rate. Similar results have not been reported so far. The metabolic pathways of inorganic and organic Se are different. Selenate or selenite undergoes reductive metabolism yielding hydrogen selenide (H 2 Se), which is incorporated into selenoproteins [the GSH-Pxs, iodothyronine 50-deiodinases (TDI) and others]. Successive methylation of H 2 Se detoxifies excess Se, and the yielding products are excreted in breath and urine, respectively (Combs, 2001) . Organic Se like Se-Met can be incorporated non-specifically into proteins in place of Met, and selenocysteine (Se-Cys) was catabolized to H 2 Se pool by a β-lyase.Oxidation of excess H 2 Se leads to production of superoxide and other reactive oxygen species (Rayman, 2005) . The assimilation of inorganic and organic Se needs GSH and carrier to transport, respectively (Gammelgaard et al., 2012) . If the 2 sources of Se were added in diet simultaneously, higher absorption efficiency might be obtained because of the relief of the absorption of competition.
Egg quality is affected by many factors, such as genetic factors, diet, health, environment, and equipment. The treatments did not affect the egg quality significantly, and this is in accordance with the results obtained in previous reports (Attia et al., 2010; Cruz and Fernandez, 2011; Gravena et al., 2011) . However, other studies have reported the beneficial effects of organic Se supplementation on egg quality. Baylan et al. (2011) showed that supplementation with Se yeast significantly affected shell weight, shell thickness, and Haugh unit positively compared to the selenite and control groups. Arpasova et al. (2009) reported that supplementation of Se yeast (1.0 mg Se/kg of dry matter, feed for 9 mo) to the diet significantly affected egg albumen weight and Haugh units. Sara et al. (2013) obtained favorable influence of organic Se on the egg quality of laying hens in the first (33 to 39 wk) and second laying stage (48 to 62 wk). These studies suggested that organic Se supplementation positively influences the fresh egg quality or storage time. In our study, no beneficial or harmful effects on fresh egg quality were found during the 11-week trial, which may be related to the different added Se level and test time with other experiments, so further studies can consider increasing the Se level or prolonging feeding time to explore the effects of Se sources and Se levels on egg quality.
Addition of Se increased antioxidant capacity of laying hens in this experiment, indicating that Se is important for maintenance of antioxidant system efficiency (Zelenka and Fajmonova, 2005) . GSH-Px is a Se-dependent enzyme that catalyzes the reduction of hydrogen peroxide and organic peroxides to water and the corresponding stable alcohol, thus inhibiting the formation of free radicals (Behne and Kyriakopoulos, 2001) . SOD is an important antioxidant enzyme in organisms and catalyzes the dismutation of superoxide anion to H 2 O 2 and molecular oxygen (Gaetani et al., 1996) . MDA is one of the metabolic products of lipid peroxides, and the MDA level is negatively correlated with the GSH-Px activity (Ahmad et al., 2012) . In our study, the serum GSH-Px activity was significantly increased when Se was added to the BC diet, and the same results were observed in hens fed a Se-supplemented diet in a previous study by Invernizzi et al. (2013) . Addition of organic Se dramatically increased the serum GSH-Px activity, VE content, and liver SOD activity. It can be hypothesized that Se caused higher GSH-Px and SOD activity and lower free radicals concentration. The VE content in the serum liver were influenced by the type of Se supplementation. Jing et al. (2015) proved that all hens fed the organic Se-supplemented diet showed higher GSH-Px activity, higher SOD activity, and lower MDA content in plasma. However, Delezie et al. (2014) observed no effect of Se source on serum GSH-Px levels. Moreover, some reports also showed that consistent conclusions in broilers, such as the blood GPX activity, increased as the content of Se (0, 0.1, 0.2, or 0.3 mg/kg of supplemental Se yeast) in diets increased (Yoon et al., 2007) ; the organic Se group (0.3 mg/kg of supplemental nanoSe) had higher GSH-Px activities in the serum and liver (Zhou and Wang, 2011) . Our study presents evidence that dietary Se supplementation increased the VE content in the serum, and SY was found to be more effective in increasing VE content than SS. The results were similar with the conclusions from Skrivan et al. (2008) and Cobanova et al. (2011) . Se and VE have synergistic effects, and Se has a sparing effect on VE. In our study, there were no differences on serum GSH-Px and liver SOD activities among SS, SS+SY, and SY, which might relate to the less stress factor in the experimental condition.
As expected, the contents of Se in the serum, liver, and kidney of layers were significantly increased with the Se supplementation, and SY was found to be more effective in increasing Se content than SS. The present results were in agreement with the previous observations (Pan et al., 2007; Cobanova et al., 2011) . Mohapatra et al. (2014) reported chicks fed with both nano-Se and sodium selenite showed higher Se contents in different tissues. The higher efficiency of organic Se could be explained by theory of adaptive evolution. SeMet is a predominant form of this element in feed ingredients. Therefore, the digestive system and metabolic pathway of animals, including laying hens, has adapted to this form of the element during evolution. In this regard, selenite (a common form of Se used in diets) is not found naturally and, as a result, is less effective in terms of assimilation from the feed and building Se reserves in the body (Surai, 2002) .
The lyophilized egg Se content in groups SS and SY alone or in combination were higher than the BC group, and it was established that SY supplementation was more effective than SS supplementation for increasing the lyophilized egg Se content, and, more likely, to be deposited in albumen. Cobanova et al. (2011) (Schrauzer, 2000) . Therefore, more Met could potentially be substituted in albumen by SeMet from Se-Met substitute. Studies showed that the content of Se in the yolk was higher than in white, if animals were fed Se in the form of SS (Hassan, 1990; Stibilj et al., 2004) . These were in agreement with our experiment. Our study showed egg Se deposition efficiency increased in SS, SS+SY, and SY, and that in SS+SY and SY was higher than SS. However, the BC group behaved oppositely; the initial deposition efficiency was very high and then decreased. It could be hypothesized that Se reserves in the body were mobilized to meet requirements, so egg Se deposition efficiency of BC was greater than 100% in the early stage. Since no Se is easily available through the diet, BC hens had to search for it in their body reserves to probably meet egg minimum antioxidant status. Skrivan et al. (2006) and Chantiratikul et al. (2008) concluded that eggs in layers fed the diet containing organic Se showed higher Se contents than those in birds fed dietary inorganic Se. The present study also produced consistent results. The total Se amounts in whole eggs from hens in groups BC, SS, SS+SY, and SY were 4.83, 13.0, 20.7, and 23.6 μg, respectively, per fresh egg. Such eggs nutritionally enriched in Se can be a good nutritional product to help achieve the daily recommended amount for people.
In conclusion, the effects of SS and Se yeast were approximately equal in promoting the antioxidant capacity of laying hens, while Se yeast is easier to deposit into eggs and tissues. Diet with added equal amounts of the 2 sources of Se was more cost effective and affordable than a comparable amount of Se yeast to obtain the promising production performance and nearly similar Se deposition.
